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ABSTRACT
This study examines further the characteristics of turbulent flow in the low-level region of intense hurri-
canes using in situ aircraft observations. The data analyzed here are the flight-level data collected by research
aircraft that penetrated the eyewalls of category-5 Hurricane Hugo (1989), category-4 Hurricane Allen
(1980), and category-5 Hurricane David (1979) between 1 km and the sea surface. Estimates of horizontal
eddy momentum flux, horizontal eddy diffusivity, and horizontal mixing length are obtained. It is found that
the horizontal momentum flux and horizontal diffusivity increase with increasing wind speed. The horizontal
mixing length increases slightly with wind speed also, but the mixing length is not significantly dependent on
the wind speed. The magnitude of the horizontal momentum flux is found to be comparable to that of the
vertical momentum flux, indicating that horizontal mixing by turbulence becomes nonnegligible in the hur-
ricane boundary layer, especially in the eyewall region.
Within the context of simple K theory, the results suggest that the average horizontal eddy diffusivity and
mixing length are approximately 1500 m2 s21 and 750 m, respectively, at about 500 m in the eyewall region
corresponding to the mean wind speed of approximately 52 m s21. It is recalled also that the mixing length is
a virtual scale in numerical models and is quantitatively smaller than the energy-containing scale of turbulent
eddies. The distinction between these two scales is a useful reminder for the modeling community on the
representation of small-scale turbulence in hurricanes.
1. Introduction
Turbulent transport processes in the boundary layer
are believed to play an important role in the inten-
sification and maintenance of a tropical cyclone (e.g.,
Emanuel 1995, 1997; Wroe and Barnes 2003; Persing
and Montgomery 2003; Smith et al. 2008; Davis et al.
2008;Bryan andRotunno 2009, hereafterBR09;Rotunno
et al. 2009; Smith et al. 2009; Smith and Montgomery
2010;Montgomery and Smith 2011,manuscript submitted
to Quart. J. Roy. Meteor. Soc.). The reason is in part be-
cause boundary layer turbulent fluxes modulate the up-
take of enthalpy from the ocean and the loss of absolute
angular momentum into the ocean. Because the horizon-
tal grid spacing of current operational numerical models
(.3 km) for hurricane simulation and forecast is gen-
erally much larger than the scales of turbulent eddies
(100–1000 m), the turbulent transport of energy and
momentum have to be parameterized. To link turbulent
quantities to mean variables it is standard to use the so
called subgrid-scale parameterization schemes, such as
the surface layer and planetary boundary layer (PBL)
schemes in numerical models.
The parameterization of turbulent flux in the atmo-
spheric boundary layer is often achieved through a simple
eddy diffusivity closure model, also called ‘‘K theory’’
(e.g., Eliassen 1971; Eliassen and Lystad 1977; Braun
and Tao 2000; Kepert and Wang 2001; Kepert 2001;
Nolan et al. 2009a,b; Foster 2009; Smith and Thomsen
2010). In low wind conditions, the horizontal momen-
tum flux is usually assumed to be much smaller than the
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vertical momentum flux (e.g., Malkus and Riehl 1960).
For this reason, vertical transport of turbulent momen-
tum flux has received more attention in the boundary
layer community than the horizontal transport. There
have been extensive studies on the vertical transport of
momentum and heat in low to moderate wind speed
conditions (e.g., Hanna 1968; O’Brien 1970; Troen and
Mahrt 1986; Hunt 1985; Holtslag and Moeng 1991; Lee
1996; Noh et al. 2003). Nonetheless, observational data
are scarce under hurricane conditions, and the quan-
titative value and variation with wind speed of the ver-
tical and horizontal eddy diffusivities remain poorly
understood.
Using the data from the periods of eyewall penetra-
tions in the intense Hurricanes Hugo (1989) and Allen
(1980), Zhang et al. (2011a, hereafter ZM11) obtained
the first estimate of vertical momentum flux and the
corresponding vertical eddy diffusivity in the inflow
layer. These authors found that the vertical eddy diffu-
sivity is on the order of 100 m2 s21 at about 500 m in the
intense eyewall with flight-level mean wind speed up to
65 m s21. They found also that the vertical eddy diffu-
sivity increases with wind speed at a similar altitude.
It was not until relatively recently that horizontal
momentum diffusion was suggested to be an important
element in both the theory and numerical simulation
of hurricane intensification and the maximum possible
intensity (Emanuel 1989, 1997; BR09; Bryan et al. 2010;
Bryan 2012). In particular, by using an axisymmetric
numerical cloud model the latter authors demonstrated
that the maximum intensity of their simulated hurri-
canes is very sensitive to the configuration of horizontal
mixing length. It is of interest to note at this point that
no previous study has given the value of horizontal
mixing length based on observational data under hur-
ricane conditions.
The purpose of this paper is to extend the ZM11 study
by providing new estimates of the horizontal diffusivity
and mixing length in the boundary layer of major hur-
ricanes. Again, we use the data in Hurricanes Hugo
(1989) andAllen (1980). In addition, we analyze another
dataset, which was collected in the low-level region of
category-5 Hurricane David (1979). To provide useful
guidance to the modeling community charged with im-
proving the forecast of hurricane intensity, we will
quantify the mixing length of horizontal eddy momen-
tum flux. An outline of the remaining sections of this
paper is as follows. In section 2, we give a brief de-
scription of data and analysis methodology. In section 3,
we present the results of the data analysis. This is fol-
lowed by section 4, which discusses the main findings
and limitations of our results. Section 5 briefly summa-
rizes the conclusions and future work.
2. Data and analysis method
As mentioned earlier, the data used in this study are
mainly from three research flights, one into category-4
Hurricane Allen (1980), one into category-5 Hurricane
David (1979), and the third into category-5 Hurricane
Hugo (1989). We analyzed the flight-level data from the
period of missions before and during the eyewall pene-
trations when National Oceanic and Atmospheric Ad-
ministration (NOAA) research aircraft were flown at
nearly constant radar altitudes below 1 km. Wind ve-
locity data were corrected for aircraft motion, measured
with an Inertial Navigation System (INS) and Global
Positioning System (GPS). Note that more advanced
turbulence sensors were installed in N43RF, including
the Rosemount turbulence gust probes in the 1990s
and Best aircraft turbulence (BAT) probe in the 2000s
(Drennan et al. 2007; French et al. 2007). Table 1 sum-
marizes the measurements and calculations for the time
intervals of the flights into Hurricanes Allen, David, and
Hugo. Overall, the time-averaged mean wind speeds
obtained at flight level vary from 7 to 65 m s21.
The data from the flight into Hurricane Hugo on 15
August 1989 and from the flight into Hurricane Allen on
6 August 1980 have been described in detail by ZM11.
Below we describe the data from the flight in Hurricane
David (1979). Hurricane David (1979) formed from a
tropical wave on 22 August and developed into a tropical
depression on 25 August in the central Atlantic. David
strengthened from a tropical storm on 26 August,
becoming a hurricane on 27 August. As it moved west-
northwestward, David rapidly intensified to a major
hurricane on 27–28 August. After slightly weakening on
29August, David continuedmoving west-northwest and
became a category-5 hurricane in the northeastern Ca-
ribbean Sea. The peak intensity of Hurricane David
reached maximum sustained winds of 78 m s21 and min-
imum central pressure of 924 mb (hPa) on 30 August.
HurricaneDavid continued as a category-5 hurricane on
31 August.
On 30 August 1979, NOAA research aircraft N43RF
penetrated the eyewall of the category-5 Hurricane
David (1979). Figure 1 summarizes the period of the
flight during the low-level eyewall penetration mission.
The aircraft altitude is nearly constant at 450 m, which is
similar to theHugoflight. Four eyewall penetrationswere
conducted, with peak flight-level wind speeds reaching
80 m s21. The gray lines in Fig. 1 at the bottom of each
panel represent the time intervals selected to determine
the scales of turbulent eddies and turbulence parame-
ters. There is a total of 13 time intervals (or ‘‘flux runs’’)
selected for analysis, four of which are in the eyewall
region. Note that all of the time intervals are chosen
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according to the spectral analysis and quasi-stationary
criterion as discussed and justified in detail by ZM11.
Similar to the two flights each in Hurricane Allen and
Hugo, the flight into Hurricane David was mainly within
the strong frictional inflow layer as discussed by ZM11.
Upon analyzing hundreds of the dropsonde measure-
ments in hurricanes, Zhang et al. (2011b) found recently
that this layer of strong inflow adequately represents the
top of the hurricane boundary layer, consistent with nu-
merical and theoretical studies by Smith et al. (2009),
Smith andMontgomery (2010), andKepert (2010a,b).On
the basis of these recent works, the flights intoHurricanes
Allen, David, and Hugo are believed to be within the
hurricane boundary layer as defined by the layer of strong
inflow.
In general, the turbulent eddy momentum flux is a
second-order tensor. Since ZM11 have examined already
the vertical eddy momentum flux components, we con-
fine our attention here to the horizontal components of
the eddy stress tensor. For the purpose of estimating
horizontal mixing length, the horizontal momentum flux
at flight level is evaluated for each time interval as follows:
Fh 5 2r(u9y9), (1)
where the prime indicates a turbulent fluctuation, y and
u respectively represent latitudinal and longitudinal com-
ponent velocities, r is the air density, and the overbar
represents a time-average operator.
Turbulent fluctuations are determined by detrending
the time series of the three wind components using a
least squares fitting method. A high-pass filter with a
cutoff at 0.01 Hzwas applied before the detrending.When
we calculate r, we use the temperature measured by the
TABLE 1. Summary of data and calculations for all flux runs presented here. The variables are storm name, date (YYYYMMDD), start
timeTs (UTC hour andminute), end timeTend, mean altitude z (m), mean flight-level wind speed (ws, m s
21), horizontal eddymomentum
flux Fh (N m
22), mean strain rate Sh (10
23 s21), mean deformationDh (10
23 s21), horizontal eddy diffusivityKh (m
2 s21), and horizontal
mixing length Lh (m). Signs of momentum flux and strain rate are included.
Storm name Date Ts Tend z ws Fh Sh Dh Kh Lh
David 19790830 858:37 901:56 504.79 37.32 0.63 0.21 3.74 2680.30 846.11
19790830 901:57 905:16 488.01 37.81 0.57 0.98 6.07 515.85 291.60
19790830 913:56 917:15 486.77 35.59 20.68 20.17 1.22 3434.11 1676.11
19790830 917:16 920:35 481.54 30.23 20.95 20.44 0.94 1908.33 1426.23
19790830 920:36 923:55 481.72 28.20 20.40 20.36 0.95 980.13 1013.64
19790830 930:36 933:55 471.58 21.51 20.30 20.69 2.35 378.46 401.30
19790830 933:56 937:15 471.03 17.35 20.12 210.12 5.42 10.60 44.24
19790830 1000:36 1003:55 465.23 21.27 20.03 0.04 3.11 619.77 446.32
19790830 1040:36 1043:55 459.25 35.72 20.17 0.18 1.67 813.04 698.64
19790830 1125:46 1129:05 472.86 16.49 20.04 0.07 2.20 488.90 470.90
19790830 830:47 833:46 417.99 45.74 0.83 0.24 1.39 3083.53 1492.08
19790830 834:37 837:26 451.76 42.65 24.33 1.50 2.63 2571.51 987.99
19790830 841:17 844:16 558.78 64.27 0.34 2.59 3.78 115.83 174.94
19790830 1103:06 1106:05 464.93 63.32 1.86 0.88 3.94 1882.36 691.49
19790830 1111:16 1114:35 486.56 55.30 1.44 20.53 1.64 2403.38 1211.56
Allen 19800806 1504:50 1508:09 482.61 24.48 20.12 20.24 0.83 445.02 730.35
19800806 1508:20 1511:39 442.64 25.08 20.05 0.12 1.06 400.51 615.16
19800806 1535:30 1538:49 473.05 18.57 20.09 0.12 0.84 703.39 914.32
19800806 1542:10 1545:29 497.82 13.35 0.01 0.08 0.78 159.51 451.70
19800806 1546:10 1549:09 498.52 11.02 20.16 20.54 1.08 256.50 486.57
19800806 1549:50 1553:29 498.27 7.17 20.00 20.53 1.29 4.53 59.13
19800806 1612:50 1616:09 422.07 19.27 20.45 0.75 1.26 531.64 648.58
19800806 1648:20 1651:39 847.66 40.15 0.89 20.30 3.77 2609.63 832.02
19800806 1516:00 1519:39 484.59 39.72 0.09 21.18 2.41 63.88 162.73
19800806 1528:20 1533:19 576.14 37.94 21.02 20.50 1.88 1801.93 978.07
19800806 1632:20 1637:19 844.92 64.19 1.57 1.82 3.08 769.74 500.22
Hugo 19890815 1720:02 1724:01 458.78 28.07 20.20 20.54 1.23 331.39 519.61
19890815 1724:50 1727:41 437.43 57.94 23.17 22.63 4.37 1072.55 495.52
Frances 20040901 1740:40 1744:44 481.27 20.90 20.08 20.21 1.56 318.11 451.36
20040901 1744:44 1748:48 448.72 20.24 20.16 20.18 2.95 786.70 516.51
20040901 1753:53 1757:57 453.69 22.09 20.28 1.29 3.52 192.25 233.61
20040901 1759:59 1802:02 458.11 20.66 20.13 20.16 1.50 720.91 694.08
20040901 1905:05 1908:08 553.08 30.79 0.06 20.52 0.77 101.68 362.76
20040901 1912:12 1915:15 452.41 33.21 0.13 20.26 0.86 435.68 711.75
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Rosemont temperature sensor. It has been reported by
Eastin et al. (2002a,b) that there is usually a wetting
error in the temperature data during eyewall penetrations.
The wetting error was corrected following the Eastin et al.
method. The influence of the wetting error on the density
calculation was found to be very small (;1%), nearly
negligible.
The horizontal momentum flux is typically parame-
terized using the eddy diffusivity Kh in the form of
Fh 5 rKhSh, (2)
where Sh is the strain rate of the mean flow (e.g., Stevens








where x and y are the distances to the storm center in
longitudinal and latitudinal directions, respectively.
The horizontal eddy diffusivity can be calculated from
Eq. (2) in the form of
Kh 5 jFhj(rjShj)21. (4)
The horizontal mixing length is then determined from
























The first term on the rhs of Eq. (6) represents defor-
mation due to shearing, while the second term repre-
sents deformation due to stretching.
We note that in the above Eqs. (1)–(6), the horizontal
eddy momentum flux and strain rate can take on either
positive or negative values around the storm, while the
horizontal eddy diffusivity and mixing length must be
positive for physical consistency. This sign convention
for eddy diffusivity and mixing length is based on K
theory. Since the purpose of this paper is to estimate the
horizontal eddy diffusivity and mixing length, we have
used the magnitudes of the momentum flux and strain
rate when calculating the eddy diffusivity [see Eq. (4)].
On the other hand, the signs ofmomentum flux and strain
rate are reported (see Table 1) and discussed in the
context of the applicability ofK theory in sections 3 and 4.
The uncertainty involved in the estimation of horizon-
tal eddy momentum flux is from two parts: 1) the tem-
poral resolution of the data used in the calculation is 1 Hz,
which generallywill not capture the entire spectrumof the
turbulent kinetic energy, and 2) the legs determined for
the flux calculation are relatively short (e.g., ;20 km)
because of the quality control requirement for statistical
stationarity. ZM11 discussed in detail how the 1-Hz data
may undersample the turbulent energy and fluxes.
In this work, we take the same approach as used by
ZM11 to correct the 1-Hz data in Hurricanes Allen,
David, and Hugo using the 40-Hz data from Hurricane
Frances (2004) at a similar altitude. The data inHurricane
Frances were collected during the Coupled Boundary
Layer Air–Sea Transfer (CBLAST) Hurricane Experi-
ment (Black et al. 2007; Zhang et al. 2008). We found
that the 1-Hz Frances data capture approximately
80% of the total horizontal eddy momentum flux
(Fig. 2). Therefore, in the analysis of the Allen, David,
andHugo data, this empirical correction is applied also.
In the correction, we have assumed that the turbulence
characteristics at the vertical levels and locations
in Frances, Hugo, and Allen behave similarly. We rec-
ognize that there is an uncertainty in the correction,
especially in the eyewall region where the 40-Hz data
are unavailable, but this approach provides our best
estimates. The short time interval used in the calcula-
tions can yield uncertainty of variance and covariance
fluxes according to Mann and Lenschow (1994) and
Mahrt (1998). A detailed error analysis is given in sec-
tion 3 where the main results are presented.
In the calculation of the strain rate and deformation
using Eqs. (3) and (6), errors are introduced from the
FIG. 1. (a) Aircraft altitude and (b) flight-level wind speed during
Hurricane David for 0800–1200 UTC 6 Aug 1980. The gray lines
denote the flux runs investigated herein.
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required cross-track derivatives since the data used here
are from single flight legs. Since the aircraft horizontal
track is never along the east or west direction (Fig. 3), it is
believed that errors due to the cross-track derivative are
not overly significant, if homogeneity is assumed within
the area that covers the flux run. Nonetheless, to improve
the accuracy of our analysis we make the reasonable ap-
proximation of an axisymmetric mean vortex flow in or-
der to evaluate themean strain rate.We thus rewrite Eqs.
































where yr and yt are the radial and tangential components
of the velocity (assumed to depend on radius only), r is
the radius to the storm center, and l is the azimuth angle
with l 5 0 defined as east. As all the flux runs selected
in the analyses are nearly along the radial direction of
the storm, the foregoing estimation of the mean strain
rate and deformation avoids the problem of needing
cross-track derivatives and for this reason is considered
amore robust and defensible estimate of themean strain
rate and deformation than Eqs. (3) and (6). In the up-
coming analyses we will henceforth use the cylindrical
coordinate forms, Eqs. (7) and (8).
3. Results
The calculations of horizontal eddy momentum flux,
eddy diffusivity and mixing length are summarized in
Table 1 for the Allen, David, and Hugo data. The cal-
culations of the turbulence parameters outside the eye-
walls of these storms show good agreement with those
using the 40-Hz Frances data. This agreement suggests
that the method employed for correcting the 1-Hz data
is sound. The mean horizontal momentum flux for the
eyewall penetration legs1 is approximately 1.5 m2 s22 with
a flight-level mean wind speed of 52 m s21. Broadly
speaking, the horizontal momentum fluxes in the eye-
wall legs are generally 5 times those found in the outer
core runs.
Figure 4 shows the horizontal momentum flux as a
function of the flight-level mean wind speed using the
data from Hurricanes Allen, David, and Hugo. Also
shown are the values of horizontal momentum fluxes
determined from the 40-Hz data obtained in Hurricane
Frances. It is evident that the horizontal momentum flux
increases with the increasing flight-level wind speed.
This wind speed dependence of horizontal momentum
flux is qualitatively similar to the wind speed depen-
dence of vertical momentum flux reported by ZM11.
It appears that themagnitude of horizontal momentum
flux becomes roughly comparable to the vertical momen-
tum flux close to and inside the eyewall region (Fig. 5).
In the corner-flow region of the vortex where the mean
inflow is decelerating and turning upward and the radial
and height scales become comparable, this suggests that
the horizontal mixing may become nonnegligible com-
pared to the vertical mixing processes in the underlying
boundary layer dynamics of the vortex. The implication is
that the divergence of the horizontal eddy momentum
flux should not be neglected in theory or hurricane
models. An estimate of the horizontal eddy diffusivity
will follow after error sources are considered.
As mentioned in section 2, there are sources of error
that are involved in the flux estimation. Typically, two
types of errors arise in the flux calculation using the
eddy-correlationmethod: the systematic error (erS), which
is linked to the loss due to high-pass filtering; and random
FIG. 2. Comparison of the 40-Hz (black) and 1-Hz (gray) wind
data. (a) Time series comparison from a typical flux run at 460 m on
1 Sep 2004 in Hurricane Frances. (b) Frequency spectra from the
flux run of (a). (c) Frequency cospectra of the horizontal momen-
tum flux. (d) Cumulative sum or ogive of the spectra. (e) Cumu-
lative sum or ogive of cospectra of the horizontal momentum flux.
1 Here the eyewall region is defined as the area within 30 km of
the radius of maximum wind.
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error (erR), which is due to the fact that a flux run is a finite
sample of a random process. We calculate the systematic
error for the flux estimation following Lenschow et al.
(1994) in the form of
erS 5 (F 2 Ff )/F, (9)
where Ff is the flux after application of the high-pass
filter in the frequency domain. The systematic error is
found to be 31%, which is typical for aircraft observa-
tions especially at these altitudes (e.g., Bernard-Trottolo
et al. 2003). We calculate the random error following
Vickers and Mahrt (1997) in the form of





where sF and F are the one standard deviation and
mean of F, respectively, and N is the number of obser-
vations. The random error is found to be 25%, which is
in agreement with values found in the previous aircraft
observations (e.g., Mann and Lenschow 1994; Bernard-
Trottolo et al. 2003). Because all of the flux runs were
checked thoroughly using the ‘‘ogive’’ criterion and spec-
tral analysis method as mentioned in section 3 (and de-
tailed in ZM11), all of the low-frequency scales of
turbulent eddies are believed to be captured. We have
corrected also the missing high-frequency part of the
energy based on the Frances data. Overall, it is thought
that the uncertainty of the estimated horizontal mo-
mentum flux is around 30%.
Figure 6 shows the horizontal eddy diffusivity derived
from Eq. (4) as a function of the mean flight-level wind
speed, using theAllen,David, andHugo data, aswell as the
40-Hz Frances data. Again, we find that the Allen, David,
and Hugo data in the outer core region are consistent with
the Frances data, providing an independent check of the
validity of the bias correction. In the eyewall region, the
average horizontal eddy diffusivity is approximately
1500 m2 s21, which is slightly more than an order of
magnitude greater than the vertical eddy diffusivity as
given by ZM11. Considering all the data investigated in
this work, it is evident that the horizontal eddy diffu-
sivity in the eyewall region is nearly twice as large as that
found in the outer core region. Overall, it is found that
FIG. 3. Aircraft tracks for the research flights into Hurricanes (a)
Allen, (b) David, (c) Hugo, and (d) Frances.
FIG. 4. Horizontal momentum flux jFhj as a function of the mean
wind speed at the flight level for all flux runs in Hurricanes Allen
(D), David (3), Hugo (s), and Frances (1).The sign of the mo-
mentum flux is shown in Table 1.
FIG. 5. Comparison of the magnitudes of the horizontal jFhj and
vertical jtj momentum fluxes. Symbols are as in Fig. 4.
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the eddy diffusivity tends to increase with increasing
mean flight-level wind speed.
Adopting the K theory closure formulation, the hor-
izontal mixing length is computed from the horizontal
eddy diffusivity and the deformation following Eq. (5).
Figure 7 shows the horizontal mixing length as a func-
tion of mean flight-level wind speed for all of the flux
runs. The average horizontal mixing length of the eye-
wall legs is approximately 750 m, corresponding to a
mean wind speed of 52 m s21. The mixing length of the
outer-core legs is approximately 630 m. It appears, then,
that the horizontal mixing length has little dependence
on the mean flight-level wind speed, with only a slight
increasing trend with wind speed.
In the calculation of the horizontal eddy diffusivity,
the determination of the mean strain rate term Sh is re-
quired. In the calculation of the horizontal mixing length,
the calculation of the mean deformation Dh is then re-
quired.Here, we calculate Sh andDh using the flight-level
wind data that is smoothed by a 100-s runningmean filter.
This method is the same as used byMarks et al. (2008) for
the determination of the mean vortex of Hurricane
Hugo (1989). In the calculation of Sh and Dh for each
flux run, we take the average value from all the obser-
vations in each leg. The uncertainty in the calculation
of Sh and Dh comes mainly from the distance from the
storm center. We have used the algorithm given by
Willoughby and Chelmow (1982) to determine the
storm center using the flight-level wind data. As dis-
cussed in the foregoing section, we have also corrected
the cross-track error by rewriting Sh and Dh in the cy-
lindrical coordinate system and assuming an axisym-
metric mean vortex flow to evaluate the respective
derivatives. The uncertainties in the estimates of Sh and
Dh are thought to be within 20%. Overall, the un-
certainties of the horizontal eddy diffusivity and mixing
length are thought to be 50%. It is worthwhile to note
that calculations of Sh and Dh using the two methods
discussed in section 2 are in general agreement (not
shown). However, calculating Sh and Dh in the Carte-
sian coordinate system [Eqs. (3) and (6)] introduces
much larger scatter than in the cylindrical coordinate
system [Eqs. (7) and (8)], with some unreasonably large
values of Kh and Lh.
4. Discussion
In this study, we have extended the analyses of ZM11
examining the turbulence characteristics in the bound-
ary layer of Hurricanes Allen (1980) and Hugo (1989).
To supplement the database, we added an analysis of a
similar dataset collected during the low-level eyewall
penetrations of category-5 Hurricane David (1979).
Estimates of the horizontal eddy momentum flux, hori-
zontal eddy diffusivity, and horizontal mixing length
were presented for the legs before and during the eye-
wall penetrations. The horizontal eddy momentum flux
for the eyewall legs were found to be much larger than
those estimated for the legs outside the eyewall at the
same level. It was found also that the horizontal mo-
mentum flux increases with wind speed, qualitatively
FIG. 6. Horizontal eddy diffusivityKh as a function of mean wind
speed at flight level for all flux runs in Hurricanes Allen (D), David
(3), Hugo (s), and Frances (1).
FIG. 7. Horizontal mixing length Lh as a function of mean wind
speed at flight level for all flux runs in Hurricanes Allen (D), David
(3), Hugo (s), and Frances (1). The thick black curve represents
the bin-averaged values with 95% confidence interval. The bin
width is 15 m s21 and the averaging begins at 7 m s21. The gray
dashed line shows the mean value of all data. The black asterisk
shows the average value of the data outside the eyewall region,
while the black diamond shows the average value of the data for the
eyewall legs.
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similar to the wind speed dependence of the vertical mo-
mentum flux as presented by ZM11.
In the eyewall region, where the corresponding wind
speed is equal to or greater than 52 m s21, the mean
horizontal eddy diffusivity is found to be on the order of
1500 m2 s21, which is approximately 15 times that of the
vertical eddy diffusivity reported in ZM11. The hori-
zontal eddy diffusivity is found to increase somewhat
with wind speed. The horizontal mixing length is ap-
proximately 750 m on average in the eyewall with a
slightly smaller value (;630 m) in the outer core. There
is a weak increase of the horizontal mixing length with
wind speed. From both theoretical and practical per-
spectives, the observational evidence suggests that a con-
stant horizontal mixing length may be adequate in simple
theoretical models and in numerical hurricane models.
The horizontal mixing length is approximately 7 times
the vertical mixing length.
Because the radial and vertical scales become com-
parable in the corner flow region of a major hurricane
eyewall, our results suggest that the flux divergence of
the horizontal eddy momentum flux will become non-
negligible in the boundary layer dynamics for this region
of the storm. Although these conclusions are consistent
with the statements of BR09, it must be noted that our
estimated horizontal mixing length is smaller than the
value of 1500 m suggested by BR09 using an axisym-
metric numerical model. This discrepancy can be partly
explained by the limitation of a 2D axisymmetric model.
As stated by BR09 (see their p. 1776), ‘‘axisymmetric
numerical models cannot resolve any three-dimensional
motions.’’ The unresolved three-dimensional turbulence,
including Kolmogorov and mesoscale turbulence associ-
atedwith rotating deep convection, eyewallmesovortices,
and vortex Rossby waves (Rotunno and Emanuel 1987;
van Sang et al. 2008; Schubert et al. 1999; Montgomery
et al. 2002; BR09), may be one reason for the above
discrepancy. Cognizant of the limitations of the 2D
(axisymmetric) model, Bryan, Rotunno, and their col-
leagues (Bryan et al. 2010; Bryan 2012) suggested a
somewhat smaller horizontal mixing length (;1000 m)
to be the optimal length scale in order for their 3D
simulations to match observed hurricane intensities. Their
recommended mixing length from the 3D simulations is
closer to our observational estimate compared to their
2D simulations.
We note that the data used in our analyses are based
on flight-level data at about 500-m altitude, which is
close to the height of maximum wind speed. The height
of themaximum tangential wind speed is generally slightly
higher (Zhang et al. 2011b). A rough estimate of the az-
imuthal tangential wind speed using all the eyewall legs
considered here is on the order of 52 m s21, which is
smaller than the one (;70 m s21) used by BR09 and
Bryan et al. (2010) as the baseline of their numerical
simulation for recommending the horizontalmixing length.
Given the tendency for the horizontal mixing length to
increase slightly with wind speed, a 1000-m horizontal
mixing length would appear to be a reasonable estimate
at higher wind speeds. Undoubtedly, more observations
at higher wind speeds and at different altitudes in intense
eyewalls are required for a more complete understanding
and representation of the turbulent mixing problem in
hurricanes.
In our analysis of the observational turbulence data,
we have recalled the fact that the mixing length is a vir-
tual length scale and is generally different from the scale
of turbulent eddies containing most of the turbulent
kinetic energy andmomentumfluxes. In numericalmodels,
for example, the mixing length concept is used to link
the turbulent fluxes to more easily measured and re-
solved variables, such as wind shear and/or deformation
rate. In the real world, such length scales should be deter-
mined when both flux andmean profile data are available.
On the other hand, the scales of dominant eddies can be
determined using a spectral analysis (e.g., Zhang et al.
2009; Zhang 2010; ZM11).
As an example, Fig. 8a shows the cospectra of the
horizontal momentum flux for one of the flux runs that
penetrated the eyewall of category-5 Hurricane David.
The corresponding cumulative sum or ogives of the co-
spectrum of horizontal momentum flux is shown in Fig.
8b. The dominant peaks in the cospectral plots are gen-
erally associated with turbulent eddies that contain most
of the momentum flux. As in ZM11, the scale of the
dominant eddies can be estimated from the reciprocal of
the pertinent wavenumber. From Fig. 8, the peak of the
uy cospectrum occurs at a wavenumber of approximately
0.953 1023 m21 and this wavenumber corresponds to a
length scale of approximately 1100 m. Similar results
are found for the other eyewall flux runs, and also for
the outer-core runs. Overall, we find that the mean
length scale of the dominant eddies transporting the
horizontal momentum flux is approximately 1130 m on
average, which is nearly 1.6 times the average value of
the horizontal mixing length. Although the energy-
containing scale is almost within the error bar of the
horizontal mixing length, statistical analysis (t test) shows
that the difference between the mean mixing length
and energy/flux-containing scale is significantly different.
The distinction between these two scales is a useful re-
minder for the modeling community on the representa-
tion of small-scale turbulence in hurricanes.
We note also that the results presented here are framed
within the context of simple K theory and assume that
such an approach is valid in hurricane conditions. Many
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numerical models of hurricanes [including the models
employed by BR09, Bryan et al. (2010), and van Sang
et al. (2008)] adopt a K-theory formulation for the turbu-
lence closure problem. When correlating the momentum
flux and the strain rate, we found that nearly 70% of the
data have the same signs, confirming the assumed down-
gradient character between the horizontal eddy mo-
mentum flux and the mean strain rate in K theory (see
Table 1). Although the work presented here broadly
supports the hypothesis that simple K theory is valid in
intense hurricanes, further analyses are required to eval-
uate the applicability ofK theory at different altitudes.Of
course, if a higher-order turbulence parameterization
scheme is used in a hurricane model, then still higher-
order statistical moments of the turbulence are required.
The latter alternative goes far beyond the scope of the
current study. Finally, it should be remembered that a
hurricane boundary layer near the eyewall region is
far from a homogeneous regime. However, the horizontal
homogeneity condition is necessary within the surface
layer similarity theory and boundary layer K-theory
concept.
5. Conclusions
Our study is the first attempt to estimate the hori-
zontal diffusivity andmixing length in the very highwind
regime of a hurricane vortex using observational data.
We believe that the results presented herein should offer
useful guidance in both theoretical studies and numeri-
cal weather prediction efforts aimed at improving the
understanding and forecast of hurricane intensity. The
Allen, David, and Hugo flight-level datasets analyzed in
this study are believed to be the few available in situ
observations that were taken near or below 500 m dur-
ing the eyewall penetration of category-4 and -5 storms.
It is unlikely that we may see such data in the near
future because of safety constraints for manned aircraft
to be flown at such low altitudes again in the boundary
layer.
Our future work aims to increase the sampling size of
the analysis of turbulent flow in the eyewall region by
searching the 30-yr HRD’s aircraft database for more
low-level flights than those used in this study. To more
completely quantify turbulence characteristics in the in-
tense eyewall and their impact on our understanding and
prediction of hurricane intensification and maximum
intensity, a focused field program is recommended also,
possibly with unmanned platforms employing advanced
turbulent sensors on board or using advanced remote
sensing techniques.
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